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COCHLEAR IMPLANT STIMULATION
ARTIFACTS

This application claims priority form U.S. Provisional
Patent Application 60/987,936, filed Nov. 14, 2007, which 1s
incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates to implantable medical

devices, and more specifically, analysis of stimulation arti-
facts associated with such devices.

BACKGROUND ART

Electrode contacts of medical devices, such as cochlear
implants have capacitive and resistive aspects of the interface
between the electrode contact and the tissue, and these values
are worth knowing for several reasons, e.g. detection of high
impedance or short circuit electrodes, decision not to use
electrodes, model calculations 1n research, etc. Electrode tis-
sue 1nterfaces commonly are based on purely resistive mod-
cls. But 1t 1s known that there are also capacitive contributions
to the impedance and that the interface behaves in a nonlinear
way. See, for example, Ragheb, T. & Geddes, L. A., “The
Polarization Impedance Of Common Electrode Metals Oper-
ated At Low Current Density,” Annals of Biomedical Engi-
neering (ABMFE),1991,19,151-163;La1, W. & Cho1, C. T. M.

“Incorporating the Flectrode-Tissue Interface to Cochlear
Implant Models,” IEEE Transactions on Magnetics, 2007, 43,

1721-1724; Frndman, G. Y. & Karunasiri, R. T., Removing
Artifact in Evoked Compound Action Potential Recordings in
Neural Stimulators,” US Patent Application 20070244410;
all of which are hereby incorporated by reference.

When a malfunction of an implantable medical device 1s
suspected—ior example, a stimulation malfunction 1 a
cochlear implant—then information about the actual opera-
tion of the system 1s needed. There are various existing
approaches to detecting maltunctions 1n 1mplanted medical
devices. For example, external amplifiers have been used to
detect stimulation pulses by attaching external amplifier elec-
trodes to the skin and synchronizing the signal recording with
application of the suspicious stimulation signal. Some disad-
vantages of this method are that the equipment often 1s not
locally available and has to be shipped, a specialist has to do
the recordings, and the recording itself 1s not easy to do
because of the skin electrodes and the necessary synchroni-
zation.

Another approach 1s based on the use of “telemetry”
recordings where the implant 1tself records the voltage of the
current source during a stimulation pulse. See, for example,
U.S. Pat. No. 35,938,691, “Multichannel Implantable
Cochlear Stimulator,” which 1s hereby incorporated by refer-
ence. This can work well, but has some limitations (depend-
ing on the type of implant) such as only providing information
about the resistive component of the current path over the
clectrodes.

Telemetry data has also been used U.S. Patent Publication
20060247735 by Honert described measuring stimulation
currents for stimulating and non-stimulating electrodes to
produce a matrix of impedance values. The impedance matrix
1s used to calculate electrode currents that are required to
produce a desired pattern of stimulation voltage in the
cochlea.

SUMMARY OF THE INVENTION

Embodiments of the present invention are directed to an
artifact monitoring stimulation system and corresponding
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method. An implantable electrode stimulator applies an elec-
trical stimulation pulse to target tissue. And an artifact moni-
tor monitors the target tissue during and aiter the stimulation
pulse to observe an artifact signal resulting from the stimula-
tion pulse to determine characteristics of the electrode tissue
interface and an operating characteristic of the artifact moni-
toring stimulation system.

In further specific embodiments, the operating character-
1stic may include a recording characteristic associated with a
telemetry measurement channel of the system and/or an elec-
trode characteristic associated with the interaction of the elec-
trode stimulator with the target tissue. The electrode charac-
teristic may include an interface capacitance associated with
the interaction of the electrode stimulator with the target
tissue and/or an RC time constant associated with the inter-
action of the electrode stimulator with the target tissue. Such
recording of the characteristics of the electrode-tissue inter-
face provides more information than 1n prior arrangements,
which allows more realistic modeling of the system opera-
tion. In some embodiments, the operating characteristic may
be used to determine customized stimulation parameters such
as customized stimulation rates.

Embodiments may also identify an abnormal condition of
the stimulation system based on the operating characteristic;
for example, a high impedance or a short circuit condition. In
specific embodiments, an existing evoked compound action
potential (ECAP) measurement arrangement can be used to
monitor the target tissue. The electrode stimulator may be a
cochlear implant stimulator.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an overview of one embodiment of an artifact
monitor stimulation system.

FIG. 2 shows an example based on an ECAP recording
system where a different electrode 1s used as reference con-
tact than the one used for stimulation.

FIG. 3 shows a voltage waveform for a typical stimulation
pulse sequence.

FI1G. 4 shows that the specific direction of the artifact signal
depends on the phase sequence.

FIG. 5 shows how the time constant of the decaying
residual charge depends on capacitance.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

Whereas prior implant telemetry systems could determine
the resistive component of the electrode-tissue interface,
embodiments of the present invention can further determine
the capacitive component of the interface to discover charac-
teristics such as the electrode charge decay time constant
and/or the electrode-tissue capacity. The following discus-
s10m 18 presented 1n terms of the specific case of models based
on a single resistance value and a single capacitive value.
However, embodiments of the present invention in some spe-
cific applications may include models that use multiple resis-
tance and/or capacitance values. Moreover, measurements of
the capacitance and resistance components associated with
the signal artifact may be very useful 1in other circumstances
beyond the fit adjustment process. For example, during inser-
tion of the stimulation electrode into the cochlea, continuous
monitoring may be very useful to determine proper place-
ment of orientation of the electrode 1n 1ts 1ntended position.

Modern cochlear implants are able to record evoked com-
pound action potential (ECAP) signals of the auditory nerve.
Usually this 1s used to record the neural response directly after
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a stimulation pulse. The ECAP signal 1s relatively small (typi-
cally only a few hundred uV) and recording the neural
response 1s relatively difficult due to artifacts arising from the
stimulation pulse, characteristics of the recording system, and
external influences. But there are various methods to reduce
or mathematically “subtract” these artifacts.

In a linear system, the normally unwanted artifact of a
stimulation pulse 1s approximately an exponentially decaying
voltage and various properties of the artifact can be used to
gather information about the stimulation and/or the electrode-
tissue 1mterface. For example, the stimulation artifact may or
may not increase with increasing stimulation pulse ampli-
tude. And the direction of the stimulation artifact depends on
the pulse phase sequence—ilor linear systems, cathodic-an-
odic biphasic pulses are opposite 1n voltage to anodic-ca-
thodic biphasic pulses. Also, the decay time constant of the
artifact contains information about the capacitive compo-
nents 1n the circuit, including the electrode-tissue interface.
Together with a traditional telemetry recording, analysis of
the stimulation artifacts makes 1t possible to determine sepa-
rate resistive and capacitive components of the electrode-
tissue mterface. Variation in the capacitances associated with
the electrode-tissue interface may be due, for example, to
variations associated with the various surrounding materials
that contact with the implanted electrode: perilymphe, neural
tissue, atr, etc.

Where stimulation artifacts normally are undesirable,
embodiments of the present invention make use of such arti-
facts and record them to determine operating characteristics
and 1dentity abnormal or malfunctioning elements of the
implant system. In further specific embodiments, the operat-
ing characteristic may include arecording characteristic asso-
ciated with a telemetry measurement channel of the system
and/or an electrode characteristic associated with the interac-
tion of the electrode stimulator with the target tissue.

FIG. 1 shows one embodiment of an artifact monitoring,
stimulation system 100, specifically, a cochlear implant. An
clectrode stimulator module 101 produces electrical stimula-
tion pulses which are applied by electrode contacts 102
implanted in target neural tissue. An artifact monitor module
103 monitors the target tissue during and after the stimulation
pulse to observe an artifact signal resulting from the stimula-
tion pulse to determine a operating characteristic of the stimu-
lation system 100. When the target tissue 1s stimulated by the
clectrode contacts 102, implant telemetry components within
the electrode stimulator module 101 can record the stimula-
tion voltage that 1s applied. The output capacitance of the
clectrode stimulation module 101 1s a known value. Together
with the known stimulation current, the total impedance of
the electrode contacts 102 can be calculated.

FIG. 2 shows another specific embodiment of an artifact
monitoring stimulation system 200 in which an artifact moni-
tor module 203 based on an existing ECAP recording
arrangement 1s used for monitoring the response associated
with the stimulation system 200. Again an electrode stimula-
tor module 201 produces electrical stimulation pulses that are
applied to the target tissue by one or more implanted electrode
contacts 202. One or more momnitor electrodes 204 sense the
resulting evoked compound action potentials (ECAPs) in the
target tissue and provide a monitor signal back to the artifact
monitor module 203. Also shown on FIG. 2 are simple
equivalent circuit components associated with the various
clements of the system. After the stimulation pulse 1s applied,
the real and virtual capacitors stay charged and the discharge
1s observed with the existing ECAP recording arrangement.
The time constant T of the exponential discharge can be
determined and from that the product of the resistive and
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capacitive components of the circuit can be determined
(I=R*C). Theresistance R 1s known from the existing telem-
etry recording and therefore the total capacitance C can be
determined. Using this method with other electrodes and
parallel stimulation makes possible a determination of the
individual electrode capacitances.

FIG. 3 shows an 1dealized voltage wavetorm for a typical
stimulation pulse sequence for three different pulse ampli-
tudes with the post-pulse voltage artifact exaggerated for
emphasis. As shown in FIG. 3, when a bi-phase current pulse
3001s apphed a post-pulse Voltage artifact signal 301 follows
which 1s an exponentially decaying curve the amplitude of
which 1s a function of the amount of current that 1s applied.
FIG. 4 shows an opposite polarity pulse 400 demonstrating
that the specific direction of the voltage artifact signal 401
depends on the phase sequence, cathodic-anodic or anodic-
cathodic. As shownin FIG. 5, given a stimulation pulse 500 of
a specified magnitude, the time constant of the decaying
residual charge of the voltage artifact 501 depends on the
capacity of the “circuit” (including the electrode/tissue 1nter-
face).

Specific embodiments may also include a system function
monitor, either within the electrode stimulation module or 1n
a separate housing, for identifying an abnormal condition of
the stimulation system based on the operating characteristic.
For example, the system function monitor may detect a high
impedance or a short circuit condition 1n various elements of
the electrode stimulator and communicate the fault to an
alarm register.

Embodiments allow for additional seli-testing of implant
system elements using ordinary implant software without
extra hardware or specially trained persons. More detailed
telemetry data 1s available and the additional capacitance
information for the electrode-tissue interface could be usetul
to determine other operating characteristics of the electrode
such as determination of rate or other subjective fitting prop-
erties. For example, the amount of sound detail that can be
presented to the user may depend on the time constant, and a
taster decay could offer more detail.

Moreover, measurements of the capacitance and resistance
components associated with the signal artifact may be very
uselul 1 other circumstances beyond the fit adjustment pro-
cess. For example, during msertion of the stimulation elec-
trode into the cochlea, continuous monitoring may be very
useiul to determine proper placement of orientation of the
clectrode 1n 1ts intended position.

Embodiments of the invention may be implemented 1n part
using any conventional computer programming language.
For example, preferred embodiments may be implemented 1n
a procedural programming language (e.g., “C”) or an object
oriented programming language (e.g., “C++"", Python). Alter-
native embodiments of the invention may be implemented as
pre-programmed hardware elements, other related compo-
nents, or as a combination of hardware and software compo-
nents.

Embodiments can be implemented as a computer program
product for use with a computer system. Such implementa-
tion may 1nclude a series of computer instructions fixed either
on a tangible medium, such as a computer readable medium
(e.g., a diskette, CD-ROM, ROM, or fixed disk) or transmit-
table to a computer system, via a modem or other interface
device, such as a communications adapter connected to a
network over amedium. The medium may be either a tangible
medium (e.g., optical or analog communications lines) or a
medium implemented with wireless techniques (e.g., micro-
wave, inifrared or other transmission techmques). The series
of computer 1nstructions embodies all or part of the function-
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ality previously described herein with respect to the system.
Those skilled 1n the art should appreciate that such computer
instructions can be written in a number of programming lan-
guages for use with many computer architectures or operating
systems. Furthermore, such instructions may be stored 1n any
memory device, such as semiconductor, magnetic, optical or
other memory devices, and may be transmitted using any
communications technology, such as optical, infrared, micro-
wave, or other transmission technologies. It 1s expected that
such a computer program product may be distributed as a
removable medium with accompanying printed or electronic
documentation (e.g., shrink wrapped software), preloaded
with a computer system (e.g., on system ROM or fixed disk),
or distributed from a server or electronic bulletin board over
the network (e.g., the Internet or World Wide Web). Of course,
some embodiments of the invention may be implemented as a
combination of both software (e.g., a computer program
product) and hardware. Still other embodiments of the inven-
tion are implemented as entirely hardware, or entirely soft-
ware (e.g., a computer program product).

Although various exemplary embodiments of the invention
have been disclosed, 1t should be apparent to those skilled in
the art that various changes and modifications can be made
which will achieve some of the advantages of the invention
without departing from the true scope of the invention.

What 1s claimed 1s:

1. A method of measuring an operating characteristic of an
implanted stimulation system, the method comprising:

applying an electrical stimulation pulse to target tissue

with a cochlear implant electrode contact;

monitoring the electrode contact via a telemetry measure-

ment channel of the system during and after the stimu-
lation pulse to observe a time dependent artifact signal
resulting from and immediately following the stimula-
tion pulse; and

using the time dependent characteristic of the observed

artifact signal to determine a capacitance associated
with the electrical interaction of the electrode contact
with the target tissue.

2. A method according to claim 1, wherein determining the
interface capacitance includes determining an RC time con-
stant associated with the interaction of the electrode contact
with the target tissue.

3. A method according to claim 1, further comprising:

identifying an abnormal condition of the stimulation sys-

tem based on the interface capacitance.

4. A method according to claim 3, wherein the abnormal
condition 1ncludes one of a high impedance and a short cir-
cuit.

5. A method according to claim 1, wherein monitoring the
target tissue 1s based on an evoked compound action potential
(ECAP) measurement arrangement.

6. A method according to claim 1, further comprising:

using the interface capacitance to fit the cochlear implant to

a user.

7. A method according to claim 6, wherein the interface
capacitance includes a recorded RC time constant of the
clectrode contact.

8. A method according to claim 6, wherein the interface
capacitance 1s used to determine customized stimulation
parameters.

9. A method according to claim 8, wherein the customized
stimulation parameters include customized stimulation rates.
10. A method according to claim 1, further comprising:
using the monitoring during insertion of the electrode

stimulator for evaluating the placement and positioning
of an electrode containing the electrode contact.
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11. An artifact monitoring stimulation system, the system
comprising;

an 1mplantable electrode stimulator for applying an elec-
trical stimulation pulse to target tissue using a cochlear
implant electrode contact; and

an artifact monitor module for monitoring the electrode
stimulator via a telemetry measurement channel of the
system during and aiter the stimulation pulse to observe
a time dependent artifact signal resulting from and
immediately following the stimulation pulse to deter-
mine from the time dependent characteristic of the arti-
fact signal an interface capacitance associated with the
clectrical interaction of the electrode contact with the
target tissue.

12. A system according to claim 11, wherein determining
the interface capacitance includes determining an RC time
constant associated with the interaction of the electrode con-
tact with the target tissue.

13. A system according to claim 11, further comprising:

a system function monitor for identifying an abnormal
condition of the stimulation system based on the inter-
face capacitance.

14. A system according to claim 13, wherein the abnormal
condition 1ncludes one of a high impedance and a short cir-
cuit.

15. A system according to claim 11, wherein the artifact
monitor uses an evoked compound action potential (ECAP)
measurement arrangement to monitor the target tissue.

16. A system according to claim 11, wherein the interface
capacitance 1s adapted for fitting the cochlear implant to a
user.

17. A system according to claim 16, wherein the mterface
capacitance includes a recorded RC time constant of the
clectrode contact.

18. A system according to claim 16, wherein the iterface
capacitance 1s adapted for determining customized stimula-
tion parameters.

19. A system according to claim 18, wherein the custom-
1zed stimulation parameters include customized stimulation
rates.

20. A system according to claim 11, wherein the using the
system function monitor 1s adapted for evaluating the place-
ment and positioning of an electrode containing the electrode
contact during 1nsertion.

21. A method of measuring an operating characteristic of
an 1mplanted stimulation system, the method comprising:

applying an electrical stimulation pulse to target tissue
with a cochlear implant electrode contact;

monitoring the electrode contact via a telemetry measure-
ment channel of the system during and aiter the stimu-
lation pulse to observe a time dependent artifact signal
resulting from and immediately following the stimula-
tion pulse; and

using the time dependent characteristic of the observed
artifact signal to determine a recording characteristic of
the telemetry measurement channel.

22. An artifact monitoring stimulation system, the system

comprising;

an 1mplantable electrode stimulator for applying an elec-
trical stimulation pulse to target tissue using a cochlear
implant electrode contact; and

an artifact monitor module for monitoring the electrode
stimulator via a telemetry measurement channel of the
system during and after the stimulation pulse to observe
a time dependent artifact signal resulting from and
immediately following the stimulation pulse to deter-
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mine from the time dependent characteristic of the arti-
fact signal a recording characteristic of the telemetry
measurement channel.
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